INTRODUCTION
The Exmouth Sub-basin, part of the Northern Carnarvon Basin, Australia, represents the southernmost part of Paleozoic to Cenozoic depocentres (e.g. Tindale et al., 1998; Longley et al., 2002) . Hydrocarbon exploration has resulted in the discovery of a variety of oil and gas accumulations within Late Jurassic and Early Cretaceous sequences; however, the distribution of hydrocarbons and charge from different petroleum systems is still poorly understood.
Basin formation started with an extensional phase during Late Paleozoic (Gartrell et al., 2016) providing accommodation space for Triassic sediments of the Locker Shale and the very thick, terrestrial Mungaroo Formation. The marginally marine Brigadier Formation was deposited contemporaneously with the next phase of extension and was followed by shaledominated Jurassic intervals that include the main source rocks prior to rapid burial of the Early Cretaceous Barrow Group sediments and significant uplift and erosion in the southern part of the Exmouth Sub-basin. Since the Hauterivian, the region can be considered as a tectonically stable passive margin initially consisting of shale-dominated transgressive Muderong and Gearle sequences that grade into carbonate-dominated Late Cretaceous to Cenozoic sediments. This period has been affected by localized compression, inversion, uplift and erosion events.
The recently acquired, large-scale multi-measurement Multiclient 3D seismic survey (MC3D) allowed for detailed insight into the deeper basin architecture and its structural and depositional evolution . In contrast to previous studies (Jitmahantakul and McClay, 2013; Gartrell et al., 2016; Black et al., 2017; Elders, 2018) , the new interpretation shows that the sub-basin was overprinted by a minor NE-SW trending extensional phase during the Latest Triassic (Rhaetian); afterwards, it was only affected by passive subsidence during Jurassic and Early Cretaceous time, while major extension continued in the Barrow Sub-basin . The new seismic data set also allowed for a more precise correlation of igneous intrusive bodies and volcanic complexes with Tithonian intervals O'Halloran et al., 2019) . Potential field modelling results predict a thinned lithospheric mantle below large areas of the Exmouth Sub-basin that may correlate with plume-induced magmatic underplating that sourced Latest Jurassic igneous intrusions (Rohrman, 2015) .
SUMMARY
The Exmouth Sub-basin forms part of the intra-cratonic rift system of the Northern Carnarvon Basin, Australia. It has undergone a complex tectonic history with multiple phases of uplift, erosion, inversion, and regional tilting. Hydrocarbon exploration has resulted in discovering a variety of oil and gas accumulations; however, the distribution of hydrocarbons and charge from different petroleum systems is still poorly understood. The new basin-wide, long-offset, broadband Exmouth 3D Multiclient seismic data (MC3D) allowed for an updated understanding of the structural and depositional evolution.
We built a regional 3D basin and petroleum system model that integrates this updated structural and stratigraphic framework and results from potential field modelling to a) improve our understanding of the thermal history and petroleum charge, b) assess critical parameters and processes impacting the petroleum systems, and c) evaluate the associated exploration risks such as biodegradation. The thermal model is based on a) a short period of extension in Latest Triassic (Rhaetian) as observed in the deeper image of the recent MC3D seismic survey, and b) a Latest Jurassic to Earliest Cretaceous magmatic event documented by potential field modelling and interpreted igneous intrusions on seismic data. The 3D basin model was calibrated to data from more than 30 wells in the sub-basin. Model results predict that burial of the Early Cretaceous Barrow Group controlled hydrocarbon generation and expulsion over large areas of the sub-basin; towards the south, however, results suggest that hydrocarbon expulsion from shallower Jurassic source rocks continued into Late Cretaceous time, a period when the regional Early Cretaceous Muderong Formation is predicted to be an efficient seal rock. This implies that vertical, shortdistance migration may contribute significant petroleum charge to the accumulations in the southern part of the Exmouth Sub-basin.
Key words: Exmouth Sub-basin, basin and petroleum system modelling, thermal history, charge history To understand the implications of this new stratigraphic and structural framework on the petroleum systems, we constructed and analysed a regional basin and petroleum system model that differs from previous basin models:
• We evaluated the thermal history without considering a long-lasting elevated, rift-related high heat flow throughout Jurassic time as proposed in previous studies (e.g. He and Middleton, 2002) ; instead, our model proposes a) a very short, extension-related period during Rhaetian inferring reduced post-rift heat flow during Jurassic, and b) an increase of rather localised crustal heat influx related to magmatic underplating during the Latest Jurassic to Early Cretaceous. • Post-rift deposition throughout the Jurassic can be considered as shallow marine and very quiescent, resulting in rather homogeneous shale-dominated deposits reaching a thickness of up to ~4.5 km with source rock potential estimated from Early Jurassic Murat/Athol intervals to the Late Jurassic Dingo Claystone.
We integrated information from a) detailed seismic interpretation, b) potential field modelling on the crustal architecture, c) recent geochemical analyses from Jurassic source rocks, and d) well data used for detailed gross depositional environment (GDE) mapping of the Rhaetian to Hauterivian intervals. With this regional study, we aim to understand the complex thermal and charge history, as indicated by the variety of hydrocarbon types ranging from heavy, biodegraded oil, through light oil with gas caps, to dry gas columns.
BASIN AND PETROLEUM SYSTEM MODELLING Model Input
The regional-scale model of the Exmouth Sub-basin covers an area of ~12,000 km 2 (Figure 1 ). Its framework consists of 21 surfaces, 19 of which were interpreted using the recently acquired MC3D seismic data ( Figure 2 ) with the deepest surface (top basement) reaching a depth of ~21 km in the southwestern part of the sub-basin. The model grid spacing was 250 x 250 m but given both the depth of the sub-basin and the multiple source rocks that we want to address, we choose 500 x 500 m grid spacing for hydrocarbon migration modelling. Key petroleum system elements are highlighted in Figure 2 . Main source rocks assigned to the model are of Jurassic age, a period when the sub-basin is interpreted to have undergone passive fill with continuous slow subsidence. Source-rock information from the southern part and outside of the study area has been extrapolated to the central part of the sub-basin, and various organofacies of B/DE mixtures have been assigned after Pepper and Corvi (1995) . Additionally, we modelled terrestrial Triassic source rocks, although their assigned presence, depth, and properties were conceptual. As most important reservoir rocks, we included Late Tithonian low-stand channels, basin floor fans, and shelf lobes (O'Halloran et al., 2013) , and Berriasian/Valanginian delta deposits of the Barrow Group (Smith et al., 2002; Paumard et al., 2018) , for which detailed GDE information, well information and seismic attributes have been considered. The key regional seal rocks in the Exmouth Sub-basin are the Early Cretaceous, marine Muderong Formation (Bailey et al., 2006) , and Early to Late Cretaceous Gearle Siltstone. In addition, Tithonian to Valanginian intraformational shale-dominated intervals have been tested for their sealing efficiency. Overburden rocks are required for source-rock maturation. Critical for source-rock maturity and petroleum charge timing is reconstructing maximum burial, especially related to the Intra-Hauterivian unconformity in the southern part of the sub-basin (Smith et al., 2002) and to minor uplift and erosion events during the Turonian/Coniacian and Maastrichtian/Danian to consider the formation of Novara and Resolution Arches (Tindale et al., 1998) and their impact on hydrocarbon remigration. We integrated 60 Late Triassic to Early Cretaceous faults into the 3D basin model, as interpreted from the seismic survey, to assess their impact on hydrocarbon migration and sealing.
Crustal Modelling
To constrain the basin thermal history, we integrated results from potential field modelling including lithospheric mantle and crustal thicknesses. Based on our new understanding of the tectonic evolution, post-Paleozoic extension was restricted to Latest Triassic (Rhaetian) followed by only smaller reactivations that are assumed to be related to far-field tectonics. We, therefore, postulate that the mantle plume observed from potential field data is not related to Jurassic and Early Cretaceous rifting interpreted from Barrow and Dampier Sub-basins and projected to the Exmouth Sub-basin (e.g. Tindale et al., 1998; He and Middleton, 2002; Rohrman, 2015; Gartrell et al., 2016) , but is the result of regional magmatic underplating during Late Jurassic/Early Cretaceous; and we consider this magmatic underplating to be the source of igneous intrusions that have been tied to specific Tithonian/Berriasian intervals (Rohrman, 2015; O'Halloran et al., 2019) . To first quantify the Rhaetian extension, we subtracted the mantle plume portion from the lithospheric mantle thickness map and calculated 1) lithospheric stretching maps for the Rhaetian extension period, and 2) lithospheric mantle and crustal thicknesses of syn-and post-rift. In a second step, we considered the postulated magmatic-underplating-related plume thickness to thin the previously calculated post-rift lithospheric mantle during Late Jurassic (period of emplacement) before it slowly reached the post-rift lithospheric mantle thickness as the result of cooling of the magmatic body until Valanginian/Hauterivian ( Figure  3) . 
Results
The model was calibrated to data from more than 30 wells including porosity, pressure, capillary pressure, vitrinite reflectance, and corrected temperature data. For thermal calibration, we used Burnham's recently published Easy%RoDL vitrinite reflectance kinetic model (Schenk et al., 2017) , which replicates more accurately the dogleg in vitrinite reflectance versus the depth trend commonly observed in the oil window (Figure 4 ). Earlier vitrinite reflectance models (e.g. Easy%Ro; Sweeney and Burnham, 1990) have been criticised for overestimating vitrinite reflectance in the oil window. Attempts to match modelled vitrinite reflectance to measured data would require lower basal heat flow values, subsequently resulting in a mismatch with temperature data, which, in turn, was often compensated by an increase in the basal heat flow assigned to the recent history of the basin, however, without any tectonic or thermal justification.
The resulting, thermally calibrated model represents the foundation for evaluating the individual petroleum systems, e.g. understanding hydrocarbon generation and expulsion, and their timing across the Exmouth Sub-basin. As an example, Figure 5a shows the transformation ratio of the shallow Dingo Claystone at the present day, indicating that, from an immature zone in the south, the transformation ratio gradually increases towards the north reaching values of ~30 to 60% along an east-west trending belt at the Novara-1 well, and more than 80% further north towards the depocentre. Over large areas of the sub-basin, hydrocarbon generation and expulsion from Jurassic source rocks are controlled by burial of the Early Cretaceous Barrow Group (~145-138 Ma) ( Figure  5b ; dashed curve). For this period, the model predicts a risk of substantial hydrocarbon losses to the seabed because expelled or remobilised hydrocarbons reached sand-rich, unconsolidated Barrow Group/Zeepaard/Birdrong sediments at a time when the regional Muderong seal was not yet deposited. The sealing efficiency of intra-formational Dupuy siliciclastics (Tithonian) is predicted to increase during the Earliest Cretaceous controlled by the amount of Barrow Group burial (Figure 5c ; dashed curve). When encapsulated by such intra-formational seal rocks, Tithonian fans and incised canyons (e.g. Eskdale member) are potential reservoir rocks and efficient carrier beds for south-oriented long-distance migration.
However, towards the south, model results predict hydrocarbon generation and expulsion from shallower Jurassic source rocks to continue at significant rates into the Late Cretaceous (Figure 5b ; solid curve), a period when the regional Early Cretaceous Muderong Formation is also predicted to be an efficient seal rock (Figure 5c ; solid curve). This implies that vertical, short-distance migration may significantly contribute to the accumulations in the southern part of the Exmouth Sub-basin.
The thermal model also enables an assessment of biodegradation risk. The predicted reservoir temperature histories explain the differences in the level of petroleum biodegradation (e.g. oils in the Pyrenees trend versus Eskdale). The results agree with published data (e.g. Tindale et al., 1998; Smith et al., 2002; Preston, 2005; Murray et al., 2013) , enabling us to extract risk maps for individual reservoir rocks.
CONCLUSIONS
We built and analysed a 3D basin and petroleum system model of the Exmouth Sub-basin to improve understanding of the petroleum systems, including complex charge history, petroleum migration, timing of sealing efficiency, and biodegradation observed from the discovered petroleum accumulations. This model is based on a new interpreted stratigraphic framework and tectonic evolution observed from the recent basin-wide, long-offset Exmouth Multiclient 3D broadband seismic survey.
The calibrated model considers regional tectonic and magmatic events by applying a crustal modelling approach that consists of a short period of extension during Latest Triassic followed by thermal subsidence, overprinted by a phase of magmatic underplating during the Late Jurassic to Earliest Cretaceous. Application of the Easy%RoDL vitrinite reflectance kinetic model enabled a good calibration against both vitrinite reflectance and corrected temperature data, without any need of elevated heat flow in the recent past.
Model results show that the burial of the Early Cretaceous Barrow Group controlled hydrocarbon generation and expulsion from Jurassic source rocks over large areas of the Exmouth Sub-basin. During this period, southward migration of hydrocarbons generated and expelled in the basin centre is possible, provided that Tithonian carrier beds are sealed by intra-formational siliciclastics. Towards the south, however, model results predict that hydrocarbon expulsion from shallower Jurassic source rocks continued into the Late Cretaceous time, a period when the regional Early Cretaceous Muderong Formation is predicted to be an efficient seal rock. This implies that vertical, short-distance migration may contribute significant petroleum charge to the accumulations in the southern Exmouth Sub-basin. Long-distance migration below the Muderong Formation extending from the basin centre towards the south has been shown to be effective starting from Albian time, for all hydrocarbons that have not been lost to the seabed through the sand-rich Barrow Group/Zeepaard/Birdrong sediments.
This regional model represents a framework for improved understanding of the dynamic evolution of the sub-basin, its complex thermal and charge history, petroleum migration, timing of sealing efficiency, biodegradation, and associated exploration risks to assess critical parameters and processes that control distribution of proven and remaining hydrocarbons. This model also offers a robust and rigorous foundation for further assessments, such as integrated fieldand reservoir-scale modelling with additional details such as faults, structures, and lithofacies. 
